INTRODUCTION
Many transcription factors responsible for the regulation of transcription initiation in eukaryotic cells are sequencespecific DNA binding proteins.
The properties of these proteins allow for their separation and purification.
Such an attempt has been carried out with the affinity chromatography method developed by Kadonaga and Tjian (1) . This technique has been applied to the purification of many sequence-specific DNA binding proteins.
The method, however. Included the disadvantage of inherent gel properties, which restrict not only the efficient diffusion of substrates through the gel networks, but also the clear-cut separation between proteins specifically bound to DNA chains and nonspecific proteins trapped inside the gel. In this study, non-swellable hard latex particles of small sizes, on which DNA chains were Immobilized, were prepared to overcome these gel disadvantages.
And they were examined for the ability to purify sequence-specific DNA binding factor, ATF or E4TF3, responsible for transcription of the adenovirus (Ad) early regions, E2, E3 and E4 (2) (3) (4) (5) (6) (7) . This factor was quickly and efficiently purified from the extracts of HeLa cells by sequential batch-wise procedures with the affinity latex particles.
This system Is a promising device for the quick and efficient purification of rare sequence-specific DNA binding proteins.
MATERIALS AND METHODS

DNAs.
Two complementary ollgonucleotides, 5'-GGGGGAAGTGACGTAACGT-3' and 5'-CCCCCACGTTACGTCACTT-3' , were chemically synthesized and used for purification of the transcription factor, ATF or E4TF3. The oligonucleotides were 5'-phosphorylated, annealed and llgated to give oligomers. Gel-purified oligonucleotides (150 fig) were phosphorylated at the 5'-ends by incubation at 37 °c for 1 hr in a reaction mixture (600 pi) containing 50 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 5 mM dithlothreitol, 1 mM spermidine, 1 mM EDTA, 20 mM ATP, 5 fiCi of [Y- 32 P]ATP and 200 units of T4
polynucleotlde klnase according to the procedure described previously (8) . The 5'-end labeled oligonucleotides were extracted with phenol/chloroform and precipitated with ethanol. The precipitated complementary oligonucleotides were resuspended and mixed in TE buffer (100 fil; 10 mM Tris-HCl, pH 7.6 and 1 mM EDTA).
The solution was incubated at 90 °C for 5 min, slowly cooled to room temperature and then cooled to 4 °C to anneal complementary oligonucleotides.
The annealed oligonucleotides were incubated at 4 °C for more than 6 hr In a solution (500 /il) containing 66 mM Tris-HCl (pH 7.6), 5 mM MgCl 2 , 5 mM dithlothreitol, 1 mM ATP, 17,500 units of T4 DNA ligase to give oligomers that ranged from 10-mers to 100-mers.
The ligated oligonucleotides were extracted with phenol/chloroform and ethanol-precipltated.
The precipitated DNA was dissolved in 10 mM sodium phosphate buffer (pH 6.7; 5.0 ml) containing 0.1 M NaCl and passed through a Sephadex G-50 column to remove ATP contamination and then ethanol-precipitated.
The precipitated DNA was dissolved in water and coupled to a latex particle.
Preparation of latex particles
The monomers used here were glycidyl methacrylate (GMA), styrene (St) and dlvinylbenzene (DVB).
The latter was necessary to keep the polymer particles undlssolved in organic solvents. Two kinds of latex particles were prepared. The first particles were St-GMA copolymer particles.
After mixing 0.3 g GMA, 2.7 g St, 0.04 g DVB and 0.06 g potassium persulfate in water (120 ml), so-called soap-free polymerization was carried out at 70 °C under nitrogen for 20 hr. After centrlfugation, the product of St-GMA copolymer particles, having diameters of approximately 0.50 fjja, was resuspended in 0.01 M H 2 SO 4 (200 ml) and kept for 48 hr to hydrolyze the remaining epoxy rings of GMA units to give glycol groups.
Then it was neutralized by the addition of 1.0 M NaOH and centrifuged. The supernatant was discarded and the particles were resuspended in water (60 ml). This procedure for cleaning the latex particles was repeated three times.
The second type were GMA homopolymer particles. The procedure was the same as that of the St-GMA copolymer particles except that St was removed from the mixture and the amount of GMA was increased to 3.0 g. These latex particles were approximately 0.23 /xm In diameter on average. Immobilization of DNA on latex particles
The DNA oligomers were covalently attached to the latex particles according to the method of Kadonaga and TJlan (1). Prepared latex particles (240 mg) were suspended in water to give a 8-ml slurry and then equilibrated to 2 °C In a cold water bath. The indicated amount of cyanogen bromide (CNBr) was dissolved in N,N-dimethylformamide (1.5 ml) and added dropwisely to the latex particles which were mixed by magnetic stirring under optimum conditions to activate the glycol groups on the surface of the particle.
The reaction was stopped by the addition of ice-cold water (20 ml), followed by centrifugatlon, and then washed twice with ice-cold water (20 ml) and 10 mM potassium phosphate (pH 8.0; 20 ml). The activated latex particles (24 mg) were mixed with the ligated DNA (300 fig) in 10 mM potassium phosphate buffer (pH 8.0; 4.0 ml) for coupling, and the reaction was carried out at room temperature for 16 hr on a rotary shaker.
The particles were collected by brief centrlfugation, washed three times with water (20 ml) and 1M ethanolamine-HC1 (pH 8.0; 20 ml).
Then, they were suspended In 1M ethanolamine-HC1 (pH 8.0; 20 ml). The suspension was incubated at room temperature for 6 hr to inactivate unreacted CNBr-activated glycol groups on the surface of the particles.
The particles were collected, washed with 10 mM potassium phosphate (pH 8.0; 20 ml), 1 M KCK20 ml), and water (20 ml), suspended in a storage buffer (20 ml) containing 10 mM Trls-HCl (pH 7.6), 0.3 M KC1, 1 mM EDTA, and 0.01% (wt/vol) NaN 3 and stored In a refrigerator. Preparation of nuclear extracts Nuclear extracts were prepared from HeLa cells according to the method described by Dignam and Roeder (9) . DNase I footprlntlng.
A DNase I footprinting assay was performed as described by Watanabe et al. (6) . DNA probes containing the binding sites of ATF or E4TF3 were prepared from plasmld pUCE4-20 (6), which was constructed by inserting the sequences from -29 to -182 in the E4 promoter into the BamHI site of pUC19. To prepare DNA probes, pUCE4-20 DNA was digested with Hind III, end-labeled with Klenow fragment and [a-
32 P]dATP, and digested with EcoRI. The 169-bp fragment was purified by agarose gel electrophoresis. Analysis of proteins Protein concentration was measured by the method of Bradford (10) .
Proteins were electrophoresed on sodium dodecyl sulfate (SDS)/8% polyacrylamide gel and stained with silver according to the method of Morrissey (11) .
RESULTS AND DISCUSSION Properties of latex particles
Two kinds of latex particles, St-GMA copolymer particles and GMA homopolymer particles, were prepared as described in Materials and Methods and tested for their application to the purification of sequence-specific DNA binding proteins. The high density of these particles enabled us to separate these particles from free proteins by brief centrifugation.
GMA particles had higher density than St-GMA particles and were completely precipitated by centrifugation at 5,000 rpm for 2 mln in a microcentrifuge. And the particles did not swell in water, Indicating that a specific DNA binding protein was more efficiently purified via the batch-wise procedure with particles because nonspecific proteins were almost not trapped in the precipitate of the particles.
During polymerization, most epoxy groups of GMA units were The amount of DNA immobilized on the latex particles was examined to determine optimum conditions with respect to temperature (A) , of CNBr (B) and pH (C). concentration hydrolyzed to give glycol groups as described previously (12,13) and were completely hydrolyzed by treatment with H 2 S0 4 as described in Materials and Methods.
The resulting-glycol groups served as DNA-coupling sites and increased the hydrophillcity of the particle surfaces to increase the stability of particles as described (14, 15) .
Furthermore, the Increased hydrophllicity was supposed to play an important role in decreasing adsorption of nonspecific proteins onto the particles.
The adsorption of nonspecific proteins on these two particles was examined by mixing a crude nuclear extract with either St-GMA particles or GMA particles and then analyzing the proteins, remaining in the supernatant after brief centrifugatlon, by SDSpolyacrylamide gel electrophoresis (PAGE). A considerable amount of nonspecific protein was bound to the ST-GMA particles. It was likely that the hydrophobic St domains were exposed on the surface of the St-GMA particles through the polymerization process to allow nonspecific binding of the proteins.
On the contrary, a small amount of nonspecific proteins was bound to the GMA particles (data not shown). In addition to this, since nonspecific adsorption of specific DNA-bindlng proteins, ATF, on the surface of GMA particles was not detected (data not shown), we selected and used the GMA particles for preparing the affinity latex particles. Conditions of DNA coupling on the latex particles Optimum conditions for the activation of glycol groups of the particles by CNBr were determined with respect to various factors. The activated particles were combined with a mixture of the 5'-end labeled oligomers (10 s cpm/reaction) and an indicated amount of calf thymus DNA that had been sonicated to give ca. 300 bp on average to immobilize DNA on the particles. The 5'-end labeled DNA oligomers containing recognition sites were prepared as described in Materials and Methods.
A specific activity of 10 7 cpm per /xg of DNA oligomers was obtained. Figures  1A, IB and 1C show the effects of temperature, concentration of CNBr and pH, respectively when the GMA particles were treated with CNBr.
These results Indicated that the glycol units could be activated more efficiently when 1.5 g of CNBr was added to 0.24 g of the latex particles at 2 °C and pH 11-12. To examine the efficiency of DNA oligomer binding to the particles under these conditions, various amounts of unlabeled DNA oligomers combined with the labeled DNA oligomers were The latex particles were observed under an scanning electron microscope. The particles were approximately 0.23 micron in diameter on average. A bar is equivalent to one micron in length.
immobilized to the activated particles. Figure 2 shows the amount of DNA immobilized on two kinds of latex particles.
The maximum amount of DNA oligomers immobilized to 1 mg of the GMA latex particles was ca. 1 ^g. It corresponds to approximately 60 DNA chains per particle or one DNA chain per 3,000 nm 2 surface of the particles. However, a small amount of DNA was immobilized on St-GMA particles as expected from the results described above.
The efficiency of DNA coupled to the latex particles was usually 60-70 %, resulting in a concentration of ca. 200 n% of covalently bound DNA on the affinity latex particles per ml. We also bound DNA to Sepharose CL-2B according to the method of Kadonaga and Tjian (1). The concentration of covalently bound DNA on the affinity resin was 20-30 fxg of DNA per ml (1). The concentration of DNA covalently bound on the affinity latex particles was 6 times as much DNA per ml as that on the Sepharose resin.
A picture of the GMA latex particles observed under an electron microscope is shown in Figure 3 .
The particles exhibited a diameter of 0.23 fim on average and were mostly dispersed as monomers. Purification of ATF or E4TF3 by. the affinity particles
We have identified two transcription factors which bound specific sequences upstream from the TATA-box in the E4 promoter Identification of polypeptides in fractions after purification of E4TF3 or ATF.
Aliquots of the fractions were subjected to electrophoresis on a 10% SDS-polyacrylamide gel and the polypeptides were detected by silver staining. A crude cell extract, a QAE 0.15 M KC1 fraction, a first-cycle elution and from the affinity particles and a second-cycle elution from the affinity particles are identified in lanes 1, 2, 3, 4 and 5, respectively.
No sample was applied to the gel (lane 5). of Ad type 5, which have been termed E4TF1 and E4TF3 (6) . The binding sites of E4TF3 are the same as those of ATF, suggesting that E4TF3 and ATF are the same factor. We fractionated nuclear extracts of HeLa cells by column chromatography to isolate E4TF3 as described (6) . E4TF3 activity was successively eluted with 0.4 M KC1 through a heparin-Sepharose column when loaded with 0.2 M KC1, eluted with 0.1 M KC1 through a DEAE-Sepharose column loaded with 0.1 M KC1 and eluted with 0.15 M KC1 through a QAESephadex A-50 column loaded at 0.03 M KC1.
A fraction of this final step was used for further purification with the affinity latex particles. All operations were performed at 4 °C.
200 j*l of the E4TF3-enriched fraction (240 /xs of protein) was incubated with 2 fil of 1 mg/ml poly(dl-dC) for 10 nun and added to 5 ^1 of the affinity latex particles (200 /ig of DNA/ml) and allowed to stand for 30 min with occasional mixing in a binding buffer containing 50 mM Tris -HC1 (pH8.0), 1 mM EDTA, 1 mM dithiothreitol, 20 % (vol/vol) glycerol, 0.1 % (vol/vol) Nonidet P-40 and 0.1 M KC1. The affinity latex particles had been equilibrated with the binding buffer before use. The binding reaction was terminated by brief centrlfugatlon to separate the particles from the supernatant. The particles were washed three times with 200 fil of the binding buffer containing 0.2 M KC1 to remove nonspecific protein contamination. And then the particles were soaked in 20 p.1 of the elution buffer containing the same components as the binding buffer except for 1.0 M KC1 instead of 0.1 M KC1 for 1-2 min, followed by brief centrifugation. E4TF3 activity was recovered in the supernatant. This elution step with the elution buffer (20 /xl) was repeated three times to yield a complete recovery of E4TF3. These elutlons were pooled. After either dialysis against the binding buffer or dilution of 1.0 M KC1 to 0.2 M KC1 by adding KCl-free binding buffer containing 10 g/ml poly(dl-dC), the pooled eluate was subjected to a second cycle of purification. Allquots of these fractions were electrophoresed on an SDS-polyacrylamlde gel and stained with silver. The results are shown In Figure 4 .
Two major proteins with molecular weights of 43-kD and 47-kD were purified after second purification step (lane 4). Approximately 3 /xg of E4TF3 was recovered from a crude nuclear extract containing 320 mg of protein.
These molecular weights were the same as those of the two ATF forms, reported by Hal et al. (7) . They have presented evidence for an additional form of ATF (a 47-kD ATF), which is present in HeLa cells in approximately equal abundance to 43-kD ATF, although ATF was identified as a single 43-to 45-kD polypeptide (4, 5) .
Our results support evidence for the two forms of ATF reported. It has also been demonstrated that the two forms of ATF are lmmunologically related (7).
Another quick purification procedure was devised with only one centrifuge tube throughout the whole purification process using affinity particles.
After soaking the particles in elution buffer (20 fil) , the 1.0 M KC1 concentration was directly diluted to 0.2 M KC1 by adding 80 /il of the KCl-free binding buffer containing 10 fig/ml poly(dl-dC) to the tube.
Binding and washing steps were repeated twice in order to remove nonspecific proteins in the particle precipitate. Similar recovery of E4TF3 was obtained with this devised procedure (data not shown). Using this procedure, E4TF3 was purified from the E4TF3-enriched fraction within a few hours.
We also used a crude nuclear extract for direct purification of E4TF3 using affinity latex particles.
We quickly and efficiently purified E4TF3 from the crude extracts, as was also the case using fractions (data not shown).
After elution, the particles were regenerated by washing twice with 500 /il of 10 mM Tris-HCl (pH 7.6). 2.5 M KC1, 1 mM EDTA, and were then washed once with the storage buffer.
The particles were stored in a refrigerator.
After repeated use of these particles, the recovery of E4TF3 binding activity from the affinity latex particles did not change.
Binding activity of purified E4TF3
The binding sites of E4TF3 purified with the affinity particles were determined by DNase I footprint analysis. Figure  5 shows that two major regions spanning -35 to -54 and -152 to 174 on the noncodlng strand in the E4 promoter region are protected from DNase I cleavage. These sites are quite identical with the ATF-bindlng sites reported previously (2-5), indicating that purified E4TF3 is identical to ATF.
When we compared various aspects of the affinity latex particles with affinity sepharose resins, the advantages of the latex particles were summarized as follows; (1) the time for one step purification was shorten to one third, (2) the concentration of DNA immobilized to the carrier was increased 6-fold, (3) detection of eluate proteins from the DNA was easy, (4) one centrifugation tube was enough for the whole purification process, (5) purification on a small scale was feasible, (6) conditioning during the purification process, such as binding, washing and elution, was easy.
As a result, the affinity latex particle carrying DNA chains were found to provide a quick, easy and efficient purification system for sequence-specific DNA binding proteins using a batchwise process.
